Fatigue cracking is an important concern when a high percentage of Reclaimed Asphalt Pavement (RAP) is used in an asphalt mixture. The aging of the asphalt binder reduces its ductility and makes the pavement more susceptible to cracking. Rejuvenators are often added to high-RAP mixtures to enhance their performance. The aging of a rejuvenated binder is different from virgin asphalt. Therefore, the effect of aging on a recycled asphalt mixture can be different from its effect on a new one. This study evaluated the cracking resistance of 100% recycled asphalt binders and mixtures and investigated the effect of aging on this performance parameter. The cracking resistance of the binder samples was tested by a Bending Beam Rheometer. An accelerated pavement weathering system was used to age the asphalt mixtures and their cracking resistance was evaluated by the Texas Overlay Test. The results from binder and mixture tests mutually indicated that rejuvenated asphalt has a significantly better cracking resistance than virgin asphalt. Rejuvenated mixtures generally aged more rapidly, and the rate of aging was different for different rejuvenators.
Introduction
The use of asphalt pavement recycling methods as alternatives to milling and resurfacing has increased significantly in recent years [1] . When used properly, pavement recycling can result in benefits such as cost savings, decreasing the demand for new material and minimizing emissions due to material transportation [2] . Some asphalt recycling methods, such as Hot In-place Recycling (HIR) and Cold In-place Recycling, require incorporating 100% or close to 100% Reclaimed Asphalt Pavement (RAP) material [1] .
Ideally, a properly recycled pavement should have a good initial performance, compared to a new pavement, and its performance should not drop faster than that of a new pavement. In-place recycled pavements often use 100% or close to 100% RAP material. Therefore, their behavior can be different from new mixtures. Cracking resistance and durability are among important performance parameters.
Rejuvenators and other additives are often used to enhance the properties of the recycled material [3, 4] . The use of rejuvenators can also prevent segregation problems that are caused by the lack of appropriate adhesion of the binder and improve the bond strength of asphalt overlays [5, 6] . Some previous studies show that the performance of recycled mixtures is equally good or better than new mixtures. A study that used the Indirect Tensile Strength test and Asphalt Pavement Analyzer showed that mixtures containing RAP successfully passed specification requirements and generally had better performance than new mixtures [7] . A more comprehensive work that included using the energy ratio concept confirmed that inclusion of RAP generally increases the tensile strength. However, it was concluded that since recycled mixtures have lower rates of dissipated creep strain energy and the energy imposed on them is more likely to turn into damage, they may have a shorter fatigue life [8] . According to recent work that used semicircular bending, 2
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Texas overlay, dynamic modulus, and simplified viscoelastic continuum damage tests, the quality of the RAP has a greater effect on the cracking resistance of the mixture than its quantity [9] .
Limited research has investigated the cracking performance of 100% RAP mixtures. Recent work with 100% RAP mixtures, which were rejuvenated by nine rejuvenators, showed that all rejuvenated mixtures had higher creep compliance than a reference virgin asphalt mixture, and a majority of them also had higher fracture energy. However, four rejuvenated mixtures failed to achieve an equally good or better tensile strength [10] .
One of the most significant approaches toward sustainable development is maximizing the use of recycled material. In the construction industry, a huge amount of waste material, including concrete [11] , asphalt, and structural steel, is wasted, because of the concerns about their performance and durability. In order to design durable recycled pavements, especially for in-place recycling methods, it is necessary to know more about the cracking resistance of rejuvenated binders and mixtures and how it changes over time. In particular, there is a knowledge gap about the effect of aging on the long-term cracking resistance of recycled asphalt. The objective of this study was to evaluate the cracking resistance of rejuvenated binders and rejuvenated 100% RAP mixtures. Also, the effect of aging on this parameter was investigated.
Materials and Methods
This research used both binder and mixture tests. The cracking resistance of rejuvenated binders was assessed by Bending Beam Rheometer (BBR) testing, and aging of the binder was simulated by a Pressure Aging Vessel (PAV). The cracking resistance of rejuvenated mixtures was evaluated and compared with that of new mixtures using the Texas Overlay Test (TOT). The aging of the mix was simulated by the Accelerated Pavement Weathering System (APWS), and changes in the cracking resistance were studied. The following two sections explain the material and test methods used in binder testing and mixture testing experiments.
Binder Tests.
The cracking resistance of rejuvenated binders was evaluated by the BBR test. The PAV was used to simulate binder aging. Samples were tested after the conventional aging proposed in AASHTO M 320, as well as after an extended aging to monitor changes in their properties over time.
Two types of PG 67-22 virgin asphalt were obtained as control samples. Rejuvenated samples were prepared by mixing artificially aged binder with rejuvenators. Rejuvenators used in this study were commercial rejuvenating agents. However, their commercial names are not revealed in this paper and they are identified with fictitious names. The rejuvenators included a heavy paraffinic distilled solvent extract (HPE) and a water-based emulsion from wax-free naphthenic crude with a residue content of 60% (CWE). These rejuvenators made the most durable rejuvenated binders in a binder aging study by the authors of the current paper [12] . PG 95-15 is considered the typical grade for RAP binder based on Florida's experience with binders recovered from RAP [12] . The initial true high temperature grades of the virgin binders were 68.36 ∘ C for Binder 1 and 71.63 ∘ C for Binder 2. The binders were aged by the PAV until their high temperature grades reached 95 ∘ C. Afterward, softening curves were established for each binder and each rejuvenator, as presented in Figure 1 .
The curves for the CWE samples were established based on the mass of the residue. Aged binders were mixed with appropriate dosages of rejuvenators, and the high temperature grades reduced to the grades similar to those of virgin binders. All virgin and rejuvenated samples underwent two aging procedures:
(1) Standard aging: Rolling Thin Film Oven (RTFO) plus 20 hours PAV, as recommended in AASHTO M320 for BBR test samples.
(2) Extended aging: 60 hours PAV aging.
Mixture Tests.
The TOT was used to measure the cracking resistance of rejuvenated mixtures and compare it to that of the control mixtures. To assess durability, the rejuvenated mixtures underwent accelerated aging by the APWS. Two samples of rejuvenated mixture and two control samples were used in this study.
Sample Preparation.
The RAP was sampled from an HIR project in Florida. The asphalt mat was heated to an average temperature of 250 ∘ F and then milled to a 1-inch depth. The material was collected from the windrow prior to the introduction of the rejuvenator. Thus, this mixture represents the nonrejuvenated RAP. The virgin binder used for the control mixtures was a PG 67-22 nonmodified asphalt. The same rejuvenators used in the binder testing (HPE and CWE) were used for rejuvenating the RAP.
Control Samples. Two control mixtures were used. Control I consisted of the aggregate extracted from the mixture and then blended with virgin asphalt binder. The aggregates were extracted from the mixture using an ignition oven. The asphalt content was determined in accordance with AASHTO T 308 using the provided calibration factor of 0.1. Then, the extracted aggregate was mixed with a PG 67-22 binder at the same binder content as determined by extraction (6.3%). Control II samples were SP-9.5 mixtures, prepared according to FDOT requirements. These samples represented common asphalt mixtures used in Florida with gradations similar to the obtained RAP.
Rejuvenated Samples. The two rejuvenated samples were the RAP mixtures, softened by CWE and HPE rejuvenators. To characterize the binder and establish softening curves, 180 grams of binder was recovered in accordance with ASTM D5404. The PG was determined in accordance with AASHTO M320, as presented in Table 1 . The mixture experienced heating when being milled and sampled. This heating was estimated to have almost the same aging effect as construction heating. Therefore, the criterion for the RTFO residue ( * /sin < 2.2 kPa) was used to determine its high temperature grade.
A softening curve was established for each rejuvenator when blended with the recovered RAP binder. The purpose of establishing the curves was to determine the dosage needed to reduce the high performance grade temperature to 67 ∘ C. Figure 2 shows the softening curves, and Table 2 displays the rejuvenator percentages of the mixtures and their high temperature PGs. All percentages are reported by the Total Weight of Mixture (TWM).
Rejuvenated samples were prepared by mixing the RAP with appropriate amounts of rejuvenator and 3% screening sand. The sand was added to the mixture to account for the breakdown in the ignition oven that the Control I aggregate would experience.
The Control I and the rejuvenated mixtures were evaluated for their design at 50 gyrations, and their maximum specific gravity was determined in accordance with ASTM D 2041. Table 3 displays some properties of the specimens.
Testing Procedures.
The cracking resistance of samples was tested by the TOT in accordance with the Tex 248-F specifications [13] . First, three replicates of all samples were tested. The Control II was tested only in the initial stage. Three replicate specimens from CWE and HPE mixtures, along with two replicates from the Control I, were aged in the APWS for 1,000 hours. Two other replicates from rejuvenated samples were exposed to the APWS for 3,000 hours. A 3,000-hour APWS exposure simulates the aging that occurs in the field in 7 to 10 years [14] . A brief description of TOT and APWS follows.
Texas Overlay Test. The TOT was developed by the Texas Department of Transportation to evaluate the susceptibility of asphalt mixtures to fatigue and reflective cracking. This apparatus applies repeated tension loads to the specimen to simulate the repeated opening and closing of pavement joints and cracks due to temperature variations and traffic loading.
Accelerated Pavement Weathering System (APWS).
The longterm aging of pavements is affected by many environmental factors such as temperature, ultraviolet radiation, and water exposure. The Superpave aging protocols, RTFO and PAV, age only the asphalt binder. Also, they are not capable of simulating the effects of all of the affecting factors. The aging of asphalt pavement material varies by the pavement's depth. While surface layers experience more intense aging, less aging occurs in deeper layers [15] . The APWS is designed by PRI Asphalt Technologies, Inc. to apply accelerated aging on asphalt pavement specimens. It ages specimens by simulating rain, sunshine, and temperature variations, which are major factors that cause aging of the surface layers of pavement. Grzybowski et al. explained the development of this system and showed that the aging profile resulting from the APWS aging is similar to that observed in real pavements [16] .
Test Results and Discussions

Binder Tests.
The tests were performed at −6 ∘ C and −12 ∘ C for samples that had experienced standard aging and at −6 ∘ C, −12 ∘ C and −18 ∘ C for those that underwent extended aging. Table 4 presents results from the BBR tests.
Two major parameters are obtained from a BBR test: creep stiffness ( ) and stress relaxation parameter (m-value) at 60 ∘ C. The low temperature grade is determined based on these two parameters. In all cases in this study, the mvalue was more critical, and hence it determined the low temperature grade of all of the samples. There is no agreement in the existing research on whether the m-value or the stiffness is the more important parameter to determine the cracking resistance of the pavement. While some studies such as [17] indicate that the low temperature thermal stress development is primarily controlled by the creep stiffness ( ), other studies such as [18, 19] show that m-value is the more significant factor that determines the brittleness of the binder.
Rejuvenated samples generally had significantly lower creep stiffness than virgin binders. This is despite the fact that all samples had similar initial high temperature grades. Also, the m-value was higher for rejuvenated samples. It is concluded from these observations that properly rejuvenated binders have better cracking performance than virgin binders. By increasing the aging from the standard to the extended aging, the stiffness of all samples increased, and their m-value decreased. Even after 60 hours of PAV aging, the stiffness of rejuvenated binders was lower than the stiffness limit for PG 67-22 ( ≤ 300 MPa at −12 ∘ C). However, in most cases, the m-values were too low and did not meet the requirement (m ≥ 0.300 at −12 ∘ C). Figure 3 displays the stiffness and m-value results of each sample after standard and extended aging. Table 5 displays the results from the TOT before and after APWS aging. At the initial stage (0 hours), significant differences were observed between the cracking resistance of samples made with rejuvenated binder and those with virgin asphalt. The average number of cycles to failure (ANCF) was considered an indication of susceptibility of mixtures to fatigue and reflective cracking. Both rejuvenated samples performed much better than both control samples, which were made with virgin asphalt. These observations show that RAP binder can even enhance cracking performance of the pavement if it is rejuvenated appropriately. Figure 4 shows the variations of TOT results with APWS aging time.
Mixture Tests.
The results show that the ANCF decreases with increased APWS aging time. This trend confirms that weathering of the pavement makes it more susceptible to fatigue and reflective cracking. The rate of decrease in the ANCF with APWS time was considerably faster for rejuvenated mixtures than for the Control I. This means that cracking susceptibility, which is an indication of aging, increased significantly faster in mixtures containing rejuvenated asphalt than in those made with virgin binder. However, even at the end of 3,000 hours, rejuvenated samples had an equally good or better resistance to cracking when compared with unaged control samples. It can be concluded that although rejuvenated samples have an overall better cracking performance, they might lose their resistance faster than virgin asphalt mixtures. This trend needs further investigation, with more samples and longer aging times.
CWE samples yielded better cracking resistance than HPE samples. The ANCFs of the CWE samples were 10% to 27% higher than HPE samples at different aging stages. The CWE is a naphthenic crude emulsion, and HPE is a heavy paraffinic distilled solvent extract. The drop rate in the ANCF with aging time was almost similar for the two rejuvenated mixtures.
It should be noted that there are several factors that limit the generalization of the trends observed. These include the following:
(i) The Texas Overlay Test variability.
(ii) The variability of the air voids between the control and recycled samples.
(iii) The relatively small size of this experiment.
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Conclusions
The effects of the two rejuvenators on cracking resistance and durability of recycled pavements were investigated using binder and mixture testing. The cracking susceptibility was estimated by the BBR test for binders and TOT for mixtures. PAV and APWS simulated the aging of binder and mixtures, respectively. According to the observations from this study, it was concluded that (i) generally, rejuvenated binders had significantly better cracking resistance than virgin binders. This fact was observed in both binder and mixture testing. This shows that when performed properly, recycling of the surface layer of a pavement (like in HIR) could potentially provide even more resistance to cracking than placing a new overlay;
(ii) the cracking resistance of rejuvenated mixtures decreased faster than new mixtures. However, even after an accelerated aging procedure that simulated seven to ten years of field aging, rejuvenated mixtures were still more resistant to cracking than unaged new mixtures. It should be noted that the rejuvenators used in this study were deemed as having the best durability in a rejuvenated binder aging study previously conducted;
(iii) the cracking resistance of recycled mixtures was affected by the type of rejuvenator. The mixtures rejuvenated with CWE performed better than those rejuvenated with HPE. Further experiments with a wider variety of rejuvenators are needed to investigate this effect, which should be considered when selecting a rejuvenator;
(iv) these conclusions are based on the results from TOT tests. Further work, using different test methods, is needed to verify these observations.
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